A Critical Period for Social Experience-Dependent Oligodendrocyte Maturation and Myelination
Manabu Makinodan, 1, 2 Kenneth M. Rosen, 1, 3 Susumu Ito, 4 Gabriel Corfas 1,2,3 * Early social isolation results in adult behavioral and cognitive dysfunction that correlates with white matter alterations. However, how social deprivation influences myelination and the significance of these myelin defects in the adult remained undefined. We show that mice isolated for 2 weeks immediately after weaning have alterations in prefrontal cortex function and myelination that do not recover with reintroduction into a social environment. These alterations, which occur only during this critical period, are phenocopied by loss of oligodendrocyte ErbB3 receptors, and social isolation leads to reduced expression of the ErbB3 ligand neuregulin-1. These findings indicate that social experience regulates prefrontal cortex myelination through neuregulin-1/ErbB3 signaling and that this is essential for normal cognitive function, thus providing a cellular and molecular context to understand the consequences of social isolation.
J uvenile social isolation and neglect influence adult cognitive function and social interactions (1) (2) (3) (4) . Studies of children raised in institutions where neglect was rampant showed that deprivation also correlates with alterations in white matter tracts associated with the medial prefrontal cortex (mPFC), which are not reversed by subsequent foster care placement (5, 6) . Similarly, rhesus monkeys isolated as juveniles have white matter disturbances and impaired working memory in adulthood (7), suggesting that juvenile social experience and forebrain white matter development are linked. Studies indicate that experience and neuronal activity influence central nervous system (CNS) myelin (8) . However, it remains unclear whether any effect of social experience on oligodendrocytes is important for the establishment of normal adult neuronal circuits and their function, what aspects of oligodendrocyte development are regulated by social experience, and which molecular mechanisms underlie these events. To explore the effects of juvenile social experience on CNS myelination and function, we focused on the murine mPFC. Male mice expressing enhanced green fluorescent protein in oligodendrocytes under the control of the proteolipid protein (PLP) promoter (PLP-eGFP) (9, 10) were housed under one of the following conditions beginning at weaning [postnatal day 21 (P21)]: in isolation (IS, single mouse per standard cage), in a regular environment (RE, four mice per standard cage), or in an enriched environment (EE, large cage with eight mice and novel toys replaced every 48 hours). To determine whether these environments affected mPFC function, 4 weeks later (P50), we tested two mPFC-dependent behaviors, sociability [using a social interaction test; (11)] and working memory [using a nonmatching-to-place task; (12) ]. Only isolated animals showed alterations, with decreases in both social interaction and acquisition in the nonmatching-to-place task (Fig. 1, A and B). General locomotive activity was not altered in isolated mice ( fig. S1 ), which indicated that the change in social behavior was specific. In contrast, as previously described (13), Then, mPFC myelination was analyzed at P65. The density of mPFC oligodendrocytes was the same in all groups (Fig. 1C) , and oligodendrocyte morphology was indistinguishable between mice raised in enriched or regular environments (Fig. 1, D to G) . However, the morphology of mPFC oligodendrocytes from isolated mice was markedly simpler, with shorter processes, less branching, and fewer internodes (Fig. 1, D to G) . Furthermore, mPFC expression of two myelin genes, myelin basic protein (MBP) and myelinassociated glycoprotein (MAG), was reduced in isolated mice (Fig. 1H) . Additionally, electron microscopy showed that isolated mice had reduced mPFC myelin thickness, whereas myelinated axon diameter was unaffected (Fig. 1, I and J). Thus, social isolation from weaning to sexual maturity, which interferes with the elaboration of mPFCdependent behaviors (14, 15) , also alters mPFC myelination and yields oligodendrocytes with simpler morphologies.
To determine when social experience influences mPFC myelination most, we examined oligodendrocytes in mice housed under regular conditions (RE) and found that P21 to P35 is a period of significant mPFC oligodendrocyte maturation ( fig. S2 ). Further analysis at P35 showed that mice exposed to just 2 weeks of isolation (P21 to P35) exhibited deficits similar to those seen in mice isolated from P21 to P65 ( fig. S3 ). Therefore, we wondered whether P21 to P35 is a critical period for the influence of social isolation on myelination. When isolation was initiated after P35 (RE-IS), oligodendrocyte morphology and myelin gene expression were indistinguishable from those in normally reared mice by P65 (Fig. 2 , A to F). In contrast, if mice were isolated from P21 to P35 and then returned to regular housing until P65 (IS-RE), oligodendrocytes displayed abnormal morphology (Fig.  2 , A to F). Behavioral tests showed similar results: Mice isolated for 2 weeks immediately after weaning and then returned to regular housing (IS-RE) displayed deficits equivalent to those seen in mice isolated P21 to P65, whereas mice isolated only P35 to P65 (RE-IS) performed like regularly housed mice (RE) (Fig. 2, G and H,  and fig. S1B ). Thus, social isolation from P21 to P35 alters mPFC oligodendrocyte morphology, myelination, and mPFC-mediated behaviors. These effects persist even when isolated mice are reexposed to social interactions, which suggests a link between the quality of mPFC myelination established during the juvenile period and adult behaviors.
The effects of juvenile social experience likely occur because of changes in signaling pathways important for oligodendrocyte maturation such as neuregulin-1-ErbB (NRG1-ErbB) (16) (17) (18) (19) (20) (21) (22) . Although there has been some controversy surrounding the role of this signaling pathway in CNS myelination (23, 24) , oligodendrocytes express the ErbB2 and ErbB3 receptors (16, 23) , and hypomyelination occurs in mice with reduced oligodendrocyte ErbB signaling or NRG1 expression (21, 22) . To directly explore the link between ErbB signaling in oligodendrocytes and mPFC myelination in response to isolation, we generated mice with an inducible oligodendrocytespecific knockout (KO) of ErbB3 using mice carrying an ErbB3 floxed allele (25) and mice expressing the tamoxifen-inducible Cre recombinase (CreERT) under the control of the PLP promoter (PLP/CreERT) (26) .
We first tested if ErbB3 could be knocked out in postnatal oligodendrocytes and if this alters myelination in the corpus callosum and the optic nerve. Quantitative reverse transcription fluorescent polymerase chain reaction (qRT-PCR) showed that, when tamoxifen treatment was initiated at P10, by P40 ErbB3 expression in these two regions was reduced by more than 60% in PLP/CreERT::ErbB3flox/flox compared with control (ErbB3flox/flox) mice ( fig. S4, A and C) . Furthermore, at this age, PLP/CreERT::ErbB3-flox/flox mice also had thinner myelin in both structures ( fig. S4 , B, D, E and F) without changes in axon caliber ( fig. S4, G and H) , which proved that ErbB3 signaling in oligodendrocytes after P10 is necessary for the generation of myelin of the correct thickness in white matter tracts of the brain. Next, we tested the impact of loss of ErbB3 in oligodendrocytes during the critical period for mPFC myelination and function. Using qRT-PCR, we confirmed that ErbB3 mPFC expression was knocked down whether tamoxifen injections were initiated before or after the critical period, i.e., P19 or P36 ( fig. S5) . Then, cohorts of PLP/CreERT::ErbB3flox/flox and ErbB3flox/flox mice housed under regular conditions (RE) received tamoxifen injections beginning at either P19 or P36 and were analyzed between P50 and P65. Mice that lost oligodendrocyte ErbB3 expression starting at P19 phenocopied socially isolated wild types; i.e. they exhibited reduced myelin gene expression (Fig. 3A) , reduced myelin thickness in mPFC (Fig. 3B) , and alterations in sociability and working memory (Fig. 3, C and D, and fig.  S1C ). In contrast, ablation of oligodendrocyte ErbB3 from P36 onward had no effect on MBP and MAG (Fig. 3E) , myelin thickness (Fig. 3F) , or mPFC-dependent behaviors (Fig. 3, G and H, and  fig. S1C ). Thus, ErbB3 signaling in mPFC oligodendrocytes is only required during the critical period to achieve normal myelination, and in its absence, mPFC-dependent behaviors are abnormal.
To further investigate the involvement of ErbB signaling in mPFC myelination, we used mice expressing a dominant-negative ErbB4 receptor (DN-ErbB4) in oligodendrocytes under the control of the promoter for 2′,3′-cyclic nucleotide 3′-phosphodiesterase (CNP-DN-ErbB4::PLPeGFP mice) (21) . DN-ErbB4 interferes specifically with ErbB3 and ErbB4 signaling (18, 21, 27) . CNP-DN-ErbB4 mice housed in a regular or an enriched environment displayed oligodendrocytic and behavioral phenotypes similar to those of wild types reared in social isolation during the critical period ( fig. S6) . Thus, interfering with To test if mPFC NRG1-ErbB signaling is regulated by juvenile social experience, we compared the levels of expression of components of this pathway between mice isolated P21 to P35 and those in regular housing. Isolation did not change expression of ErbB2, ErbB3, ErbB4, NRG2, or NRG3 (Fig. 4, A and B) . However, isolated mice showed a significant decrease in expression of the epidermal growth factor-like domain of NRG1, common to all NRG1 isoforms (28) (Fig. 4B) . The Nrg1 gene produces numerous isoforms through alternative splicing and the activity of several promoters (28) . The decrease in NRG1 expression was limited to type III NRG1 (Fig. 4C) , the isoform most highly expressed in the mPFC ( fig.  S7 ). mPFC type III NRG1 mRNA levels in isolated mice were lower at P35 than at P21 ( fig.   S8A ), and isolation resulted in reduced mPFC NRG1 expression in CNP-DN-ErbB4 mice ( fig.  S8B) , showing that isolation reduces mPFC type III NRG1 expression independently of oligodendrocyte ErbB signaling.
Our results demonstrate that juvenile social experience influences oligodendrocyte maturation and myelination in the murine mPFC during a temporally restricted "critical period" between P21 and P35. This effect depends on oligodendrocyte ErbB3 signaling. Note that mice in which oligodendrocyte maturation and/or myelination is abnormal because of loss of ErbB3 signaling phenocopy the behaviors elicited by social isolation during the critical period, which indicates that experience-dependent oligodendrocyte maturation is necessary for normal social behavior and working memory in the adult. At the same time, the motor cortex, a region adjacent to mPFC, showed none of the social experience-dependent changes in gene expression observed in the mPFC ( fig. S9) , which highlights the specificity of the effects of social experience.
How do myelin defects produce these behavioral and/or cognitive deficiencies? One scenario is that thinner myelin changes conduction velocity of myelinated mPFC axons, which leads to abnormal information processing, which in turn contributes to the aberrant social behaviors and working memory. Also, loss of oligodendrocyte ErbB signaling by DN-ErbB4 produces changes in dopamine neurotransmission similar to those generated by juvenile isolation (21, 29) . Thus, a second possibility is that myelin defects caused by isolation change dopaminergic function, which contributes to the deficits in working memory and social interactions (30, 31) . Although the changes in NRG1 expression induced by isolation might also modify ErbB4 signaling in interneurons (32), because elimination of ErbB3 signaling in oligodendrocytes phenocopies isolation, it is evident that oligodendrocyte ErbB3 signaling is essential in this context.
There is consensus that NRG1-ErbB signaling plays a central role in peripheral nervous system myelination (18) (19) (20) 24) , but its roles in the CNS were controversial. It is now apparent that ErbB signaling is not required for the initiation of CNS myelination, but that ErbB3 is necessary for late events in oligodendrocyte maturation and myelination; i.e., oligodendrocyte ErbB3 and ErbB4 loss does not produce myelin defects by P11 (24) , but loss of oligodendrocyte ErbB3 starting at P10 causes hypomyelination in the . (E to H) No effects were observed when tamoxifen was injected starting at P36 (mRNA measurement: Cre-; n = 4, Cre+; n = 5; myelin thickness: n = 3 for, behavioral tests: Cre-; n = 13, Cre+; n = 12). *P < 0.05, **P < 0.01, ***P < 0.001. Error bars, SEM. corpus callosum and optic nerve. Furthermore, in the mPFC, hypomyelination occurs even when oligodendrocyte ErbB3 is lost at later stages (after P19). Moreover, mPFC myelination in CNP-DNErbB4 mice is not different from wild type at P21 but is clearly altered by P35 ( fig. S10 ). ErbB4 KO mice do not have alterations in CNS myelin even upon reaching adulthood (24) , and loss of ErbB3 produces the same phenotype as expression of DN-ErbB4, which blocks both ErbB3 and ErbB4 function; this indicates that ErbB3 is the critical ErbB receptor for CNS myelination. Our data suggest that normal type III NRG1 expression is necessary for mature mPFC myelination, in agreement with the observation that reduced type III NRG1 expression leads to hypomyelination in several brain regions (22) , whereas NRG1 overexpression results in thicker CNS myelin (24) .
The effects of social experience on mPFC myelination depend, at least in part, on the social experience-dependent regulation of NRG1-ErbB3 signaling. We propose that lack of social interactions during the juvenile period leads to reduced type III NRG1 expression by mPFC neurons, resulting in reduced oligodendrocyte ErbB3 signaling and thus incomplete oligodendrocyte maturation and myelination. Previous studies showed that neuronal activity influences expression of type I but not type III NRG1 mRNA in the intact brain and cultures of cortical neurons (33), a finding we replicated in primary cultures of frontal cortex neurons ( fig. S11A ). Furthermore, expression of type III NRG1 was unaffected in the mPFC of mice with oligodendrocyte ErbB3 KO or those expressing DN-ErbB4 in oligodendrocytes ( fig. S11B ). These results suggest that social experience affects mPFC myelination by influencing the levels of type III NRG1 in mPFC neurons independent of neuronal depolarization and ErbB receptor signaling in oligodendrocytes. Nevertheless, the possibility that other molecular events also contribute to the effects of social experience on myelination should not be dismissed. For example, in vitro studies by Wake et al. (34) showed that release of glutamate along axons induces myelination in part by increasing synthesis of myelin proteins in the associated oligodendrocytes. Thus, electrical activity in mPFC might influence the translation of mRNA species that are regulated by type III NRG1 in an experience-dependent fashion and so contribute to normal myelination.
Our findings indicate that the effects of childhood isolation and neglect on adult mental health might be caused, at least in part, by alterations in oligodendrocytes and myelin development. Furthermore, we provide a cellular and/or molecular context and genetic models in which to begin to understand the effects of juvenile social experience on brain development in general and myelin maturation in particular. Our results also may be relevant to neuropsychiatric disorders such as schizophrenia and mood disorders, which usually manifest after the juvenile period and have been linked to alterations in white matter and myelination (35, 36) . In this respect, it is noteworthy that the NRG1-ErbB signaling pathway has been genetically linked to neuropsychiatric disorders (36, 37) , which suggests that genetic liabilities in this pathway and life experience may interact in the pathogenesis of these diseases.
